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Novel software has been developed to aid the interpretation of tandem mass spectrometry
(MS/MS) data from synthetic polymers. The software is particularly focused toward aiding the
end-group determination of these materials by significantly speeding up the interpretation
process. This allows information on the initiator and/or chain transfer agents, used to generate
the polymer, and the mechanism of termination to be inferred from the data much more
rapidly. The software allows the validity of hypothesized structures to be rapidly tested by
automatically annotating the data file using previously proposed fragmentation rules for
synthetic polymers. Low-energy collision-induced dissociation (CID) data from methacrylate,
styrene, and polyether oligomers are used as example data for the software. Exact-mass CID
information was used to aid the understanding of the dissociation mechanism of the polymers.
The software can use exact-mass data to provide more confidence in the results. The MS/MS
results indicate that the fragmentation pathways are those previously proposed for these
polymers. (J Am Soc Mass Spectrom 2007, 18, 1324–1331) © 2007 American Society for Mass
SpectrometrySoftware and databases are an inherent tool for theidentification of peptides and proteins from tan-dem mass spectrometry (MS/MS) data [1– 6].
These MS/MS data are typically the result of low-
energy collision-induced dissociation (CID) experi-
ments. Until now there has been no development of
software that might be used to aid the interpretation of
MS/MS data from synthetic polymers. The develop-
ment and application of novel software for the interpre-
tation of MS/MS data from a range of synthetic poly-
mers—including acrylics, polyethers, and styrenes—are
described below. These MS/MS data are primarily used
to aid the end-group determination of synthetic poly-
mer systems, often in conjunction with other techniques
such as matrix-assisted laser desorption/ionization–
time-of-flight (MALDI-TOF) mass spectrometry and
nuclear magnetic resonance (NMR) spectroscopy. There
is, indeed, a powerful synergy between these three
techniques for end-group determination.
The software uses fragmentation schemes that have
been proposed by Jackson and coworkers [7–17] and
others, such as Lattimer and Wesdemiotis et al. [18 –21].
The structures of end groups from acrylic and styrene
polymers may often be inferred from the masses
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doi:10.1016/j.jasms.2007.04.006(and/or exact masses) of two series of intense peaks
seen in the low mass-to-charge ratio (m/z) region of the
CID spectra [7–14, 16]. It has been noted, however, that
the higher m/z peaks in the low-energy CID spectra are
more useful in aiding understanding of the identity of
end-group structures of polyethers [such as poly(ethyl-
ene glycol) (PEG) and poly(propylene glycol) (PPG)]
[15, 17]. Software-aided interpretation tools are essen-
tial if microstructural studies of synthetic polymers are
to be more widely used.
The software can be used with exact-mass-MS/MS
experiments to give further confidence in the assign-
ment of end-group structures. Example data for poly-
(methyl methacrylate) (PMMA), poly(butyl methacry-
late) (PBMA), PEG, PPG, poly(styrene), and poly(-
methyl styrene) are used to display how exact-mass-
MS/MS data may imported and interpreted with the
software.
Experimental
Software Development
The software was written in Java v1.4.2 (Sun Microsys-
tems, Santa Clara, CA, USA). The graphical user inter-
face of the software is used to enter the information
required to calculate the polymer fragments. These are
the polymer class, repeat unit, initiating and terminat-
ing end groups, number of repeats, and cation. Both
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able such as “CH3CH2” or “C2H5.” The MS/MS data to
be annotated are read from an ASCII text file containing
mass intensity information. Given a user-selected mass
accuracy error (in Daltons), fragments are computed by
the software and are matched to experimentally ob-
served peaks. Each matched peak is displayed with a
color corresponding to each fragment type and anno-
tated with the fragment information. Matched peaks are
also displayed in a table. The user can interact with the
table and edit the peak annotation, add annotation to
peaks not matched by the software, or delete the
annotation from incorrectly assigned peaks.
Tandem Mass Spectrometry
Electrospray ionization–tandem mass spectrometry
(ESI-MS/MS) experiments were performed in a hybrid
quadrupole time-of-flight mass spectrometer (Q-TOF
Ultima, Waters MS Technologies, Manchester, UK). The
instrument was equipped with a standard electrospray
ion source and operated at a source temperature of
110 °C. Sample solutions were introduced into the
source region of the instrument by a direct infusion ESI,
operated in positive mode of ionization, with a capillary
voltage of 3.5 kV. The cone voltage was optimized
between 50 and 200 V for ESI-MS/MS experiments and
the collision energy was ramped between 20 and 100 eV
during the acquisition. ESI-MS/MS was carried out
using argon as the collision gas. The TOF mass analyzer
was tuned in V-optic mode for an operating resolution
of 10,000 (full width at half-maximum). Mass spectra
were acquired at an acquisition rate of one spectrum/s
with an interscan delay of 100 ms. Data acquisition and
processing were carried out using MassLynx™ (V4.0)
software (Waters Corp., Milford, MA).
Sample Preparation
PEG 400 and PPG 425 were obtained from Sigma–
Aldrich (Gillingham, UK). PMMA 2400 and poly(sty-
rene) 2050 were obtained from Polymer Laboratories
(Church Stretton, UK). Poly(-methyl styrene) 1580 and
PBMA 2800 were from Polymer Standards Service
(Mainz, Germany). Lithium chloride, silver trifluoroac-
etate, methanol, and tetrahydrofuran (THF) were ob-
tained from Sigma–Aldrich. Poly(styrene) and poly(-
methyl styrene) were dissolved in THF to a
concentration of 200 ng/L. Silver trifluoroacetate was
dissolved in THF to a concentration of 5 mg/mL.
ESI-MS/MS analysis of poly(styrene) and poly(-
methyl styrene) were performed by infusing a mixture
of sample and silver trifluoroacetate (to promote cation-
ization) at a ratio of 1:1. PEG, PPG, PMMA, and PBMA
were dissolved in methanol to a concentration of 100
ng/L. Lithium chloride was dissolved in 50% aqueous
methanol to a concentration of 2 mg/mL. ESI-MS/MS
analysis of PEG, PPG, PMMA, and PBMA was per-
formed by infusing a mixture of sample and lithiumchloride at a ratio of 1:1. All samples were infused into
the source region of the mass spectrometer at a rate of
10 L/min.
Results and Discussion
Tandem mass spectrometry (MS/MS) data from a num-
ber of standard synthetic polymers are used to empha-
size how the software may be used to aid interpretation
and infer information on their end-group structure by
significantly reducing the time taken for this process.
The proposed fragmentation mechanisms for the poly-
mers were previously described [7, 8, 10, 12, 19, 20],
with these used by the software to annotate the respec-
tive peaks in the MS/MS spectra. The spectra are
imported into the software as text files, with a capability
for analysis of both exact-mass and nominal mass
MS/MS data from a range of polymer classes.
MS/MS has been used to aid the end identification of
a number of methacrylate polymers [7–9, 11, 13, 14, 16],
of which PMMA is the most common example. This
polymer is used in a range of applications, partly as a
consequence of its optical clarity. End-group function-
alization of PMMA is important in a number of appli-
cations of the polymer and understanding the nature of
the initiating and terminating groups can help polymer
chemists in deciphering the route of manufacture. An
example of how the software can be used to aid
interpretation of MS/MS spectra of PMMA (1) is shown
in Figure 1.
The ESI-MS/MS spectrum from the lithiated octa-
decamer (18-mer) of PMMA was imported into the
software as a text file and the suggested repeat unit,
initiating (alpha, ), and terminating (omega, ) end
groups were input as empirical formulae (C5H8O2,
C5H9O2, and H in the “Main Unit,” “Alpha,” and
“Omega” input boxes, respectively). The class of poly-
mer (“Acrylates”) was selected, the cation used to
ionize the oligomer (Li in “Cation”), the number of
repeat units (17 in “Repeats”), and the mass accuracy
(0.2 Da in “Error (Da),” as the data were acquired
without the precursor ion, or an external calibrant, used
as lock mass were both entered and the “Annotate”
button was selected. The resulting annotated spectrum
is displayed in Figure 1, along with a table of proposed
fragment ions. The latter details the calculated m/z of
the fragment matched (“Theoretical Mass”), the frag-
ment annotation (“Description”), the experimental m/z
(“Observed Mass”), the difference between theoretical
and experimental m/z in Daltons [“Error (Da)”], and the
relative intensity of the matched peak (“Intensity”). The
color used to highlight each fragment ion is also shown
in the “Highlight Color” column of this table, with a
series of peaks (e.g., from the A series in Figure 1)
displayed in the same color. The annotation and high-
lighting of each peak can be temporarily removed using
the “Display” column of the table (clicking on the
checkbox in that column for the relevant peak) or
below the spectrum. Predicted fragment ions are also
1326 THALASSINOS ET AL. J Am Soc Mass Spectrom 2007, 18, 1324–1331custom annotation and/or coloring can be added as
required. This means that peaks originating from a
novel fragmentation pathway, for example, can be
annotated if required. This could be useful when anno-
tating MS/MS spectra of PMMA that contain haloge-
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some peaks originating from loss of parts of this end
group and the polymer backbone [11, 16], in addition to
the expected fragmentation for this methacrylate. The
data from this table can be exported from the software,
as a comma separated value (.csv) file to be used in
other applications.
Good agreement is shown between the theoretical
and experimental mass-to-charge ratios, using the pro-
posed fragment ion schemes that result in seven major
series of fragment ions [7, 8, 14]. The series are anno-
tated by the letters An, Bn, Cn, Dn, En, Fn, and Gn,
where n is the number of repeat units of the monomer
(methyl methacrylate) remaining in the fragment ions,
as described in this previous work. Peaks from the An,
Bn, and Gn series are clearly annotated in the full
spectrum in Figure 1. Peaks from series of minor
intensity (i.e., Cn, Dn, En, and Fn series) are shown in
the screenshot of the expansion of the MS/MS spectrum
from PMMA, which is Figure 2. Peaks from these series
are typically observed at relative intensity values of low
or subpercentage, compared to the intensities of peaks
from the An and Bn series [7, 14]. Peaks from the Gn
series are isobaric with those from the Cn series—thus
the labeling of peaks with annotation for both sets of
Figure 2. Screenshot from software of anno
spectrum from the lithiated octadecamer of PMM
by the software in the table below the spectrum.
of the spectrum.fragment ions. Previous data indicated that the Gnseries is dominant at lower mass-to-charge ratios, with
the Cn series becoming more intense at higher values.
This explains the ratios of peaks from this series com-
pared to those from the Dn, En, and Fn series. The
software is clearly capable of annotating the monoiso-
topic peaks from all of these series, even though they
are of low relative intensity. An increase in the value
(from 0.2 to 1.5 Da in Figure 2) entered into the “Error
(Da)” box can, additionally, enable labeling of the
second peak from the isotope cluster of any or all
fragment ions for this spectrum (depending on whether
the value is entered for an individual peak or the whole
spectrum). Both of the major peaks from the isotope
cluster would, therefore, be annotated in this example.
Another example of how the software can be used to
aid interpretation of MS/MS data from another methac-
rylate [poly(butyl methacrylate), 2] polymer has also
been generated (data not shown). The same series of
fragment ions were noted for the undecamer of poly-
(butyl methacrylate), as expected from previous work
on this polymer [8]. The software has also been success-
fully used to annotate MS/MS spectra from other
classes of methacrylate polymer (data not shown), us-
ing the previously proposed fragmentation pathways.
Another polymer that has been extensively studied
expansion (m/z  490–1250) of ESI-MS/MS
etails of annotated fragment ions are displayed
icted fragment ions are also detailed above (left)tated
A. D
Predby MS/MS is poly(styrene) [9, 10, 12]. Polymers with a
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tion in both initiators and end-capping agents, were
clearly differentiated by the intense series of peaks (at
low mass-to-charge ratios) noted in the MS/MS spectra
[12]. The centroided ESI-MS/MS spectrum from the
silver cationized ([MAg]) of the heptadecamer of
poly(styrene) (3) was input into the software and the
proposed empirical formulas of the initiating and ter-
minating end groups and repeat unit were entered
(C4H9, H and C8H8, respectively). The cation (Ag),
number of repeat units [17], the expected maximum
error in m/z [0.5 in the “Error (Da)” input box] and
minimum intensity to be annotated (0.1 in “Min Inten-
sity” input box). The class of polymer chosen was
“PolyStyrenes” before annotation of the MS/MS spec-
trum, resulting in the screenshot displayed in Figure 3.
The major series of peaks expected in the spectrum
were annotated in milliseconds. The monoisotopic
peaks from An, Bn, n, n, and Gn series are clearly
annotated in the spectrum displayed in the software,
where n is the number of repeat units of the monomer
(styrene) remaining in the fragment ions. This annota-
tion is similar to that used in earlier work [9, 10, 12]. The
An, Bn, and Gn series are analogous to those noted for
methacrylate polymers [8, 9], with the n and n series
Figure 3. Screenshot from software of annotat
of the heptadecamer of poly(styrene). Details
software in the table below the spectrum. Predic
spectrum.seen only in spectra from styrenes. The former twoseries (An and Bn) were previously proposed to be
useful for end-group identification of styrenes [9, 10,
12]. The precursor ion selection used in the ESI-MS/MS
experiment allowed both ions containing both 107Ag
and 109Ag isotopes into the hexapole collision cell of the
instrument, with peaks from fragment ions containing
both moieties clearly observed in the spectra. The
“Error (Da)” value (0.5) selected in the software meant
that only the fragments containing 107Ag were anno-
tated, as can be noted in Figure 3.
In addition to the fragment ions containing silver
isotopes (noted by the separation of m/z 2 between
peaks of similar intensity for ions containing 107Ag and
109Ag), peaks that resulted from ions that clearly did not
contain silver were also observed at m/z 91 and 161.
These peaks were previously ascribed to fragments of
the An and Bn series, respectively, that did not contain
the silver cation [9, 10, 12]. These peaks have been
manually annotated with the software (see A1* and B1*
in Figure 3) using the “Add Mass” tool. The theoretical
mass can be entered into the table for each additional
peak to be entered, with custom annotation also added
by the “Description” column of the table in the soft-
ware. This flexibility allows custom annotation for any
fragmentation not yet described in the literature. Cus-
I-MS/MS spectrum from the [MAg] adduct
nnotated fragment ions are displayed by the
agment ions are also detailed above (left) of theed ES
of a
ted frtom annotation for peaks already captured by the
tadec
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moiety in the “Description” column of the table.
Annotation of some of the minor series noted to be
present in MS/MS spectra from poly(styrene) can be
noted in Figure 4, which is a screenshot of the expanded
spectrum from the heptadecamer. Peaks of very low
relative intensity (again containing 107Ag isotopes) are
clearly annotated (from the Cn, Dn, En, and Fn series)
along with those from more abundant ions (9 and
10). The Cn, Dn, En, and Fn series are typically noted
to be present at low relative intensities in MS/MS
spectra from poly(styrene)s. An additional example of
the software for poly(-methyl styrene) (4) was used to
indicate the application for other styrene based poly-
mers (data not shown). Similar series of fragment ions
were noted in the annotated spectrum of the [MAg]
adduct of the heptamer of poly(-methyl styrene) as
described previously [22].
Lattimer initially demonstrated that MS/MS could
be used to generate structural information from 1,2-
epoxide derived polymers such as poly(ethylene glycol)
(PEG) and poly(propylene glycol) (PPG) [19, 20]. Mech-
anisms were proposed to account for the fragment ions
generated when lithium was used as the cationization
agent. Three dominant series were noted to be present
in the spectra. A range of other polyethers have more
recently been characterized [15, 17], with similar frag-
mentation noted to dominate in most cases, with the
notable exception of some esterified PEG polymers [17].
The centroided ESI-MS/MS spectrum from the lithiated
decamer of PEG (5) was imported into the software as a
text file and the peaks annotated after entering values
Figure 4. Screenshot from software of annot
spectrum from the [MAg] adduct of the hepfor the alpha (H) and omega (H) end groups, repeat unit(C2H4O), number of repeats (10), cation (Li), minimum
relative intensity for fragments to be annotated (1), and
the mass accuracy [0.04 in “Error (Da)”]. The selected
polymer class was “Polyethers,” which encompasses
polymers such as PEG, PPG, and poly(butylene glycol).
The resulting screenshot is displayed in Figure 5, with
fragment and precursor ([MLi]) peaks annotated.
Peaks from the An, Bn, Cn, and Dn series are
annotated, corresponding to that originally proposed
by Lattimer [19, 20] and recently modified [17] to
account for the number of repeat units (n) remaining in
the fragment ions. The An, Bn, and Cn series were
proposed to be key in generating information on struc-
ture of the end groups [17], with the higher m/z frag-
ment ions being the most informative. The mass accu-
racy of the ESI-MS/MS experiment, with the precursor
ion used as a lock mass, enabled further confirmation of
the structures of the fragment ions and thus the end
group structure. The capability to use nominal or exact-
mass data is another key feature of the software. The Dn
series were proposed to be distonic radical cations [19,
20], typically observed at low mass-to-charge ratios as
noted in the screenshot shown in Figure 5. The software
differentiates between fragment ions resulting from
retention of either end group, when these functional-
ities are different. The fragment ion series containing
the initiating group are clearly differentiated by extra
annotation from those containing the terminating moi-
ety, using the recently proposed nomenclature [17] that
was modified from that originally described by Lat-
timer [19, 20] [because the end groups are equivalent in
this example (Figure 5), the fragment series are labeled
expansion (m/z  1070–1160) of ESI-MS/MS
amer of poly(styrene).atedwithout this extra annotation by the software].
iled a
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the application of the software for other polyethers
(data not shown). Similar fragmentation pathways were
noted, from the lithiated heptamer of PPG, to that
expected from previous work [17, 19, 22]. The software
can also be used to predict a fragment ion spectrum for
a particular structure by entering the relevant values
into the input boxes and predicting the spectrum. The
proposed fragment ion mass-to-charge ratios and anno-
tation are then displayed in the table to the left of the
input boxes. These data can then be exported as a
comma separated value (.csv) file to be used elsewhere.
Conclusions
The software aids the interpretation of MS/MS spectra
from polymers with known fragmentation pathways,
such as methacrylates, polyethers, and polystyrenes,
but the capability to interpret other polymer systems
can easily be added to improve the applicability to these
additional materials. Rapid annotation of the MS/MS
data, using the software, significantly reduces the time
taken for interpretation (compared to manual annota-
tion, which can be difficult and/or laborious). The
software has the capability to use exact-mass MS/MS
data for further confidence in the results. The software
Figure 5. Screenshot from software of annotate
PEG. Details of annotated fragment ions are
spectrum. Predicted fragment ions are also detaenables novel structural features to be more easilyidentified, by characterizing peaks from all known
fragmentation pathways.
The software is platform independent and can be run
in any operating system having the Java runtime in-
stalled. It is also proprietary vendor format indepen-
dent because the input for the software is a text file
containing fragment mass intensity information. Theo-
retical fragment generation and peak annotation are
instantaneous. Annotation information (images, text
files) can be printed and/or exported for use in other
programs. The entire process requires minimal inter-
vention from users. Developments of the approach to
enable automatic identification of end groups and stud-
ies of random and block copolymers are under way.
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